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ABSTRACT Previous studies have demonstrated a defect associated with the calcium release mechanism of sarcoplasmic reticulum (SR) from individuals susceptible to malignant hyperthermia (MH). To examine whether SR calcium release channels were indeed altered in MH, SR vesicles were purified from normal and MH susceptible (MHS) porcine muscle. The Ca2+ dependence of calcium efflux rates from 45Ca2+-filled SR vesicles was then compared with the Ca2+ dependence of single-channel recordings of SR vesicles incorporated into planar lipid bilayers. The rate constants of 45Ca2' efflux from MHS SR were two to threefold larger than from normal SR over a wide range of myoplasmic Ca2+. Normal and MHS single channels were progressively activated in a similar fashion by cis Ca2+ from pCa 7 to 4. However, below pCa 4, normal channels were inactivated by cis Ca2 , whereas MHS channels remained open for significantly longer times. The altered Ca2+ dependence of channel inactivation in MHS SR was also evident when Ca2+ was increased on the trans side while cis Ca2+ was held constant. We propose that a defect in a low-affinity Ca2' binding site is responsible for the altered gating of MHS SR channels. Such a defect could logically result from a mutation in the gene encoding the calcium release channel, providing a testable hypothesis for the molecular basis of this inherited disorder.
INTRODUCTION
Malignant hyperthermia (MH) is an inherited pharmacogenetic disorder characterized by an accelerated skeletal muscle metabolism, muscle rigidity, and rapidly rising body temperature (1, 2) . MH is triggered in as many as one in 15,000 anesthetic procedures, and can be fatal if not treated promptly (3) (4) (5) . Numerous reports indicate that regulation of myoplasmic Ca2" is abnormal in MH susceptible (MHS) individuals, primarily due to an abnormality in the sarcoplasmic reticulum (SR) Ca2" release mechanism (6) (7) (8) (9) (10) (11) . The defect appears closely associated with the ryanodine receptor, the protein that forms the SR Ca release channel (12) (13) (14) (15) (16) , because binding of [3H]ryanodine to MHS SR exhibits an altered Ca2' dependence and a higher affinity for ryanodine than normal SR (17) .
In this paper we show that ryanodine receptor channels from the SR of a homozygous recessive pig model of MH (18) remain open significantly longer than do channels from homozygous normal animals. This is due to the failure of MHS channels to inactivate in physiological Ca2+ gradients, and appears to result from an altered low-affinity Ca2' binding site in the channel pore. This alteration may have resulted from a mutation in the gene encoding for the ryanodine receptor.
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Heavy SR vesicles from the longissimus dorsi muscle of MHS and normal pigs were prepared in the presence of a cocktail of protease inhibitors (PMSF, benzamidine, leupeptin, pepstatin, and aprotinin) (17) using discontinuous sucrose gradient centrifugation (19) , and did not differ in Ca2+-ATPase activity, phospholipid and cholesterol content, or the Coomassie blue staining pattern on SDS polyacrylamide gels (9, 17) . Vesicles were stored at -800C until used. All pigs were obtained from a herd maintained by Dr 
RESULTS AND DISCUSSION
To examine whether ryanodine receptor channels were altered in MH, we purified SR vesicles from normal and MHS muscle and compared the Ca2" dependence of 45Ca2" efflux rates with that of single-channel recordings in planar lipid bilayers. Fig. 1 shows that Ca2"-induced Ca2" release is more prominent in MHS SR because efflux rate constants are two-to threefold larger than from normal SR over a wide range of myoplasmic Ca2". The Ca2" concentration required to activate the Ca2" release rate by 50% was 0.30 ± 0.18 AM and 0.31 ± 0.04 ,uM, for three preparations each of MHS and normal SR, respectively; in both cases, maximal release rates were at -6 ,uM Ca2". In these experiments the driving force for Ca2" efflux decreased as the Ca2" gradient decreased. A theoretical calculation of the decrease in driving force for Ca2" (ECa) as a function of extravesicular Ca2" and constant 5 mM intravesicular Ca2" is shown in the inset of Fig. 1 . Eca decreases continuously with myoplasmic Ca2" and is essentially zero at concentrations > 100 ,uM. Thus, absolute efflux rates at high Ca2" may be largely underestimated by this experimental approach.
To further define the basis for the increased Ca release rate from MHS SR, and its regulation by Ca2", we examined recordings of single release channels incorpo- (20, 22) are shown in Fig. 2 . In the control periods before additions (10 uM cis free Ca2+, + 20 mV holding potential), MHS channels had a 12% higher conductance than normal channels (438 pS ± 34, n = 6 for MHS; 383 pS ± 24, n = 7 for normal; P < 0.01). ATP increased open probability in both cases by approximately threefold above control (3.1-fold ± 1.2, n = 4 for MHS; 2.9-fold ± 1.2, n = 4 for normal). Ryanodine modified gating of normal and MHS channels in the characteristic way, by decreasing conductance and increasing mean open time (14) . Likewise, ruthenium red and millimolar Mg2`blocked all activity seen in controls.
These results confirmed that Ca2+ release channels in normal and MHS SR are functional, and display pharmacological characteristics already recognized in SR of rabbit skeletal muscle (20, 22 The Ca2" dependence of normal and MHS channels as a function of cis Ca2" is shown in Fig. 3 . Open probabilities, PO (Fig. 3, top) The altered Ca2" dependence of channel inactivation in MHS SR was also evident when Ca2" was increased on the trans side while cis Ca2+ was held constant at physiological levels. In Fig. 4 , channels were first incorporated in symmetrical 10 MM free Ca2' and afterwards trans free Ca2, was raised to the indicated value. Control activity in symmetrical 10 MM Ca2, was deliberately chosen to be high (channels with P0 < 0.2 were rejected) so that the decrease in P0 in normal channels in high trans Ca2, could be adequately measured. Previous studies have demonstrated that millimolar trans Ca2+ inactivates K+ movement through rabbit SR Ca channels (15) . With Cs' as the permeant ion, high trans Ca2' resulted in the permanent closure of three of five normal pig SR channels; one of these cases is shown in Fig. 4 . That not all normal channels inactivated completely in high trans Ca2, may explain why channels can be recorded using large trans Ca2, gradients (22) . It is thus possible that two types of ryanodine receptor channels may be present in the SR, a predominant trans Ca2+-dependent inactivating type, and a less frequent trans Ca2+-dependent non- (Fig. 2) . Because the site of action of both halothane (25) and caffeine (26) appears to be the ryanodine receptor channel, the defect we have observed in the Ca2" releaseryanodine receptor channel could also underlie the increased sensitivity of MHS muscle to contractures induced by halothane and/or caffeine (1, 2, 6, 7) . Such a defect could logically result from a mutation in the gene encoding the ryanodine receptor, providing an explanation for the molecular basis of this inherited disease. This makes the MHS SR a valuable model in the study of intracellular Ca2" regulation and the molecular mechanism of excitation-contraction coupling.
